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OCCURRENCE OF IRON OXIDES ON CAST-IRON ENGINE
SURFACES AFTER OPERATION
By A. 8. Nowlok and L. O. Brockway

SUMMARY

Surfaces of used cast-lrnn plston rings from varlious single-
cylinder alrcraft englne tests were examined by electron diffrac-
tion. In addition to a~iron and graphite, extra rings appeared 1in
many of the diffractlon patterns and were ldontlified as diffraction
rings of a~Fuy0z and elther Fez0y or 7-Fegy0z (thess two
materials are indistinguishaeble by diffraction methods). In goneral,
the oxlde patterms wore cobtalmed tc an appreclable extent from only
the top compression ring of the plston-ring assembly; tho otheor rings
gave prodominately a graphlto pattern. The diffraction pattern from
a8 new ring showed a~iron with lossor quuntities of graphlte but never
more than traces of any other materiuls,

Examination of a cast-lron cylindcr which had besnn operated for
a long period of time showod that, relative to graphito and a~iron,
iron oxldes were prosent 1n continuously increasing amounts as tho
top of the platon stroke ls approachod. Spocimens from the part of
the cylindor below the region of ring travcul showed no detectable
quantitios of oxldes.

It was concluded that iron oxldes are formed on cast-iron sur-
faces during englne operation in amounts dependlng upon operating
varlables such as temperature, pressure on the surfaces, and expo-
sure to corrosive agents ln the combustion products. In the deter-
mination of the nature of a run-ln surface on cast-iron plston rings
1t will be necessary to consider the formation of lron oxides.

INTRODUCTION

During the operatlion of sliding surfaces, physical and chom-
lcal surface changes may occur A "run-in"” surface 1s defined in
reference 1 and also ln this report as a surface whose properties
have so altered that 1t ylelds optimum performance oharacteristies,
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for exemple, a low rate of wear. Electron-diffraction technigues
are valueble in the study of the mature of run-in surfaces because
the low penetrating power of electrons often permits detection of

a substance covering the surface to a depth of only a few molecules.
Application of electron-diffraction techniques to the study of used
alroraft-engine coyllnder sleoves was made by Finch, Quarrell, and
Wilman (reference 2). They obtalned diffuse patterns, frum which
they concluded that an amorphous Beildy layer was present. This
conclusion may not be Justified in view of the work of Germer
(reference 3) and others.

An eloctron-diffraction examination (rsference 1) of cest-iron
pleton rings from single-cylinder engine tests showed that a layer
of grephlite covered the surfaces »f the cast-iron compresslon rings
as well as the steel barrel and the top chrome-plated ring of the
assembly exemined. The prousent lnveostigation continuovs the electron-
diffraction analysis of cast-iron surfaces as part of a general pro-
gram belng conductad at the NACA Clevuland laboratory to dotormline the
chamical and physical nature of run-1ln surfaces. The information
obtained from this program should bo of value in Improving the high-
output performance of military alrcraft engines by making possiblo
specifications of the most suitable comblnations of runnling surfeces.

Specimens were examined from plston rings used in tests on
liquid- and air-cooled single-cylinder engines having only cast-iron
platon rings; emphaslis was glven to the top cast-lron compression
ring because the plston-ring assembly previously examined (reference 1)
had a chrome-plated top ring. In addition, it was desired to compare
the running surface of a cast-1lron engine part that had been operated
for a long period of time with the surfaces of cast-iron aircraft
piston rings that had been run for a shorter period. A cast-iron
oyllnder block that had had long service in an engine was avallable
and the surface of one of the ¢ylinders was examinsd, although the
oxact operating conditions durlng its life wore not known. FPhoto-
graphs presented in thls report show representative electron-
diffraction patterns obtained from the cast-iron piston rings and
comparison patterns of some of the materlsls lnvolved.

2 APPARATUS AND TEST PROCEDURE

The cast-iron piston rings for this investigation were obtalned
from ring assemblies used in four differont single-cylinder tests.
The flrst three tests used cast-iron compression rings of rectangular
cross soction (with & bevuled face on the top ring and taperod faces
on the other two) operated in an SAE 4620 carburized stesl oylinder
barrel in a liquid-cooled engine. The fourth test used cast-iron
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compression rings (with keystone brods seotions and tapered faces)
operated in a chrome-plated cylinder barrel in an air-cooled engine.
In nddition to the ussd rings examined, specimens of a now beveled
compression ring (lapped by the manufacturer) of the type uaed for
-the top ring of tests 1, 2, and '3 wére ex&minad for control purposes.
Operating oonditions for the four tests are listed in table 1.

After the ringas were removed fram the engine, they wore lmmeraed
for 24 hours in a compound that loosened the "carbon" (oil cumbustion
products) deposited. The rings werv then washed with an organic
solvent and covered wlth grease untll Just before the diffraction
exposures were made. A control test of this cleaning process wes
carried out as follows: One lapped piston ring and one taken
direoctly from a teat wore broken in two and half of each ring was
put through the cleaning process. A comparison of the electron-
diffraction patterns from specimens of both the treated and untreated
halves showed that the cleanlng process had not changed the nature of
the running surfaces.

A longlitudinal strip one~fourth inch wide was cut from the cast-
iron cylinder and specimens about one-fourth inch in length were cut
at various measured dlstances frmm the top of the cylinder. These
distances are listed in table 2,

The camparison electron-diffraction patterns used for the
ldentification of unknown patterns were those of a~iron, graphite,
a-Feg0z, and 7-FeV0OH. The a-iron pattern was obtaimed from a
sample of oold-rolled steel of wvory low carbon content mildly abraded
with emery paper. The graphite pattern was obtained by etching cast
lron with a 2-percent nital solution (2-percent nitric acid in methyl
alcohol) for 30 seconds. A specimen of the low carbon steel, abraded,
etchod with dilute aqueous nitrlc acid for about 30 seponds, and
finally heated until blue interference colors appeared, gave &
pattern princlpally of a~Feg0z. A pattern principally of y-FeOOH
vas obtalned from rust specimens prepared from cast-iron placed above
water at 50° C for 24 hours. ' It is desireble to make comparison with
diffraction patterns from known materiels obtained by electron diffrac-
tion rather than by X-ray diffraction wherever »nossible because the
relative intensities in electron patterns may differ greatly from the
X-ray intensities as a result of the large ebsorption factor of the
specimens for eleotrons. The X-ray patterns available in the A.S.T.M.
card file are useful in ohecking the positions of the diffraction

rings.

The electron-diffraction camera is a commercial electron micro-
goope equlpped with a diffraction adapter. The instrument was oper-
ated at 60 kilovolts and the specimen-to-plate distance was
31.0 centimeters.
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The Bragg interplanar spacings d (in angstrom units A) in
the crystal wers obtalned from the mreasured valves of the radii r
(in mm) of the corresponding diffraction rings. For the small
angles used in electron diffraction, 4 may be related to r
according to

d=%

where K 1s a constent that depends on the voltage and the
specimen-to-plate distance. The value of K was determined by
using the diffreaction pattern frum zinc oxide as a callbration pat-
tern. Over the periliod of time during whlch these experiments were
conducted, the value of X varied from 14.0 to 14.7.

The diffractlon photographs presented are positive enlargements
(X2) in which some of the detell of the originsal. negatives has been
lost.

RESULTS AND DISCUSSION

The d velues for both reference and unknown materlals have
been plotted in flgures 1 to 4 fur convenlence 1n ldentiflcatlon of
the unknown pattorns. Thn method of plottling a glven pattern con-
sisted 1n marking the d values alonz a horigontal axls by vertical
lines whosu posltions and heights show, respectlively, the relative
positions and the qualltative ordsr of lntensitles of the diffraction
rings in the photcgraph. The diffracticn rings aro represented by
fine lines desplte the fact that tho actusl rings tended to be broader
as a result of boam and spocimen widths. Whenover an unusually widc
ring occurred, i1t was plotted as a band to show that 1t probably
conaistud of more than onw ring. The scale used In plotting is
Inversoly proportioncl to the d valucs and corresponds to an
onlargament of the origlnal negatives by a factor of about 8.5. The
precision of the measurements of the radii in the negatives, amounting
usually to 0.1l millimeter, 1s therefore indicated by an interval of
0.85 millimeter at all positions along the scale. In the case of
vory faint rings the measurements were somewhat more uncertein end
the precision is correspondingly poorer.

Identification of Iron Oxides

Electron-diffractiun patterns obtained from specimens of the
various used ringe listed in table 1 and from the cylinder operated
for a long period showed, in addition to a~-iron and graphite, the
presence of extra diffraction rings. The intensities and the
numbers of thess extra rings as compared with graphite end a~iron
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rings depended upon the specimen in a manner to be discussed later
in this roport. The stronger of the extra rings corrosponded to
strong rings of some of the iron oxldes and, accordingly, a detailed
comparison with the iron-oxlide patterns was made.

Included 1n tho data are the following comparison patterns:
electron-diffraction patterns of a~Feg0z (fig. 1(d)); graphlte
and a~iron (figs. 2(d) and 2(e), 3(f) and 3(g), and 4(e) and 4(F),
respectively); and A.8,T.M. X-ray diffraction pattorms of y-FeOOH,
a~-Feg03, and Foz0, (presented in figs. 1(a), 1(c), and 1(e),
respectively). Photographs of the a~iron, graphito, and a~Foy0z
patterns are presented in figures 5(a), 5(b), and 5(c), respectively.
The presence of impurities is indicated by the presence of additional
_rings (marked X 1n the corrosponding cumparison plots): +two rings
in the a~Fey0z pattorn (fig. 1) and one ring in tho graphite
pattern (fig. 2). Theso rings aro probably a result of tho method
of preparation of tho spocimens. For oxamplo, the additlonal ring
in the graphite electron-diffraction pattern 1s probably from an
oxlde of iron, formed by the slight oxidation of the iron by the
nital solutlion used to prepare the graphitic surface. The a~Feg0Ox
ring at 3.68 A may not always appear 1n the electron-diffraction
photographs because 1t can be obscured by the shadow line 1f the
specimen extends too far intn the beam or by halation of the lmage
of the central beam in long exposures.

A further compearison was made wilth the oxide formed by rusting
in humid air. Electron-diffraction patterns from various rusted
specimens were found to be very simllar except for the appearance
in the diffraction patterms of dark brown rust of throe strong
diffraction rings that do not appear in the patterns of the lighter,
orange rust. These three diffraction rings, which are at 2.55 A,
1.62 A, and 1.49 A, are the three strongest rings of Fez04. TFig-
ures 1(b) and 5(d) show the pattern from dark brown rust. A comparigon
of this pattern with figure 1(a), the X-ray diffraction pattern of
7-¥eO0H, shows that rust is predominately 7-FeCOH with some FezO4
present In the case of this dark brown rust. This identification is
in agreement with other sources. (See reference 4.)

The electron~dlffraction pattern of the specimens from plston
ring 1 of test 1 (see teble 1) that gave the best oxlde lines is
presented in figures 1(f) and 6(a). Comparison with the refercnce
patterns shows that this oxide 1s not 7-FeDOH bdut consiste of
a~Fep03 and Foz04. It should be noted that y-FepOz and FezOy
are both cubic crystals having the same cell edge and having unit-
cell structures sufficiently alike to make them indistinguishable
by diffraction methods. For convenience, further reference in this
report to an identification as Fez04 will imply Foz04, 7-Fep0z,
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or both., In addition to the oxlide rings, the four strongest graphite
rings (marked Y in Pig. 1(f)) appear, which shows the presence of
a relatively small amount of graphite.

An oxlde pattern from a speclmen taken near the top of the
capt-iron cylinder (specimen 3, table 2) 1s glven in figure 1(g).
This pattern also shows the presence of relatlively little graphite
and differs from the preceding pattern in the prusence of three
rings showlng preoferred orlemtation. Although the first of these
rings colncides with tho ring of a~-Fe 0z at 3.68 A, the other two
do nnt agroe with rings of any known oxlde of lron. The three rings
probably belong to the same matorial because thelr arcs subtond the
same angle, which iz about one-sixth of the angle of all the other
rings of the pattern. The other rings (except for that at 2.30 A,

. marked Z in fig. 1(g)) ocorrospond to Fez04 with traces of graphite
and possibly m-Fezos.

The four unidentified lines in this pattern have occurred in
several patterns anid fram more than one specimen. The differences
in relative intensities which may occur betweon electron and X-ray
diffraction patterns suggested that these linos, obsorved in electron
diffrection, may havo bcen Foz0, reflections which did not appear
in the X-ray comparison pattexrn for Fez0,. A calculation of all
theoretically possible reflections, however, eliminated this possi-
bility. A comparison of these lines with other patterms in the
A.S.T.M. X-ray diffreotion card file failed to 1dentify them.

Ocourrence of Oxides on Piston-Ring Surfaces

Patterns from two cast-iron piston rings of test 1 (table 1)
are compared in-figure 2 wlth patterns from the new cast~iron top
compression ring, graphite, and a-iron. Except for the line at
1.31 A, the pattern from the new ring (fig. 2(c)) is seen to corre-
spond to a~-iron and graphite, predominately a~lron. The pattern
plotted in figure 2(a) (same as fig. 1(f)) is from a specimen of
ring 1, test 1, and has previously been ildentifled as o~Feg0; and
Fez04. Three other specimens from different parts of the same piston
ring showed the presence of oxides, although the specimen from which
the pattern of figure 2(a) was obtained showed the greatest quantities
of oxides, relative to graphite and a~iron. On the other hand, pat-
terns from ring 2 of the same test (figs. 2(b) and 6(b) are repre-
gentative) showed graphite with amaller amounts of a~iron end only
falint traces of oxldes; specimens from the third compression ring
and the oil rings (test 1) showed graphite with relatively small
amounts of a~lron but no oxilde diffraction rings.
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The first and second compression rings from two other tests
on the seme engins (tests 2 and 3) were sxsmined. Strong oxide
patterns were obtained from spocimons of ring 1, test 3; patterns
from ring 2 were difficult to meesure because of the high back-
ground. Oxldes occurred- only <in smell guantitios (roletive to
graphite and a-iron) on the top ring of test 2, posaibly because
the ring was pitted, which Indicated poor performance. The second
ring of this test showed no oxldes. '

Used rings from test 4 were examined but gave diffuse patterns
(f1g. 6(c)) and a high background because of the highly polished
surfaces of these rings. In order to obtain information on the
oxldes present, the rings were very mildly abraded using different
gredes of emexry paper. The method consisted 1n making two to four
strokes in the same direction along the specimen, using a minimum of
' pressure. The specimen was then placed 1n the diffraction chamber
“without washing off the debris. This "plowing" operation so raised
the surface material that sharp diffraction rings could be obtalned,
Some 1ron located below the surface was torn up in the process and
contributed to the diffraction pattern. From each ring examined by
this abrasion method, two or three specimens were taken and several
exposures made for each, first without any surface distrubance and
then with increasing amounts of abrasion.

The results of this method applied to piston rings of test 4
are plotted in figure 3. Figureos 3(a) and 3(b) show two patterms
obtained from the same specimen of ring 1l; each pattern has four
extra rings (other.than graphite and a~iron rings) of which two
have the seme 4 values in both patternms. The oxtra rings in the
pattern of figure 3(a) were attributed to a~Fes0z bacause,
together with two ringe common to both graphite and a-Fey03,
they account for six of the strong a-FepO0z rings. In the case
of the pattern of figure 3(b) (photograph shown in fig. 6(d)), three
of the four oxtra rings correspond to Fez0, (the fourth is

unidentified), which indicates the presence of that substance.
Examination of several specimens of sach of the other campression
rings from test 4 showed that the extra diffraction rings are

weaker for the second piston ring and very falnt for the thlrd.

For example, figure 3(c) shows one of the patterns obtalned from the
third piston ring using the same abrasion technigue. The three extra
rings agree with those appearing in figure 3(b) but are extremely
faint. The oxide gradation, therefore, is similar on the rings of
test 4 to that observed on the rings from the other three tests.

The method of abrasion served another purpose: It lndicated
the absence of any layer of crystalline material other than oxides
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and graphite on the surfaces of the used piston rings examined. The
disadvantage of the method is in the disruption of any preferred
orilentation in the surface mabterials.

Good agreement 1s shown in the comparison of the results obtained
with these piston rings with the resulte of the tests of the piston-
ring assembly reported ln refersnoce l. In the previous work, the top
ring of the assembly was chromo-plated and the only substance found
on the used cast-lron rings was graphite, except for one oxide diffrac-
tion ring that appeared occmaionnlly and with varying intensity. In
the presont experiments, the appuarance of strong oxide patterns from
only tho top cast-lron ring is consistent with the provions fallure
to observe such patterns. Tho surfaces of the used rings from test 1
of thie report were rougher than those from the tests of reforemce 1;
therefore, eloctrons were diffractsd by the iron underlying the sur-
faco, which explains the appearanca cf a~-iron in the natterns from
all of the rings of teet 1 except the top ring. Preforred orienta-
tion 414 not appear in the graphits pattorms in ths presont experi-
monts bocause tho roughness of the surface in tho specimens used |
preventod the ncourrence of any high dogrec of preferrcd orientation
of the graphlte crystals.

Rusults from the Cast-Iron Cylindor

Tho spocimens from the cast-lron cylinder examined and the
identification of patterns obtalned from them are listed in table 2,
In the previous discussion of identificetion of the oxides, 1t was
noted that the patterm from specimen 3 indicated the presence of
FozO4 and possible traces of a~Fey0z. Specimen 1 from the region

of the cylinder ebove the piston-ring stroke was covered by oil
combustion producte most of which were removed by washing with
several organlc solvents bofore diffractlion photographs were teken.
Some "laocquer" remaining on the surface probably accounts for the
high background and fallure of sharp rings to appear until after
abrasion, when a strong pattern of Fez0, appeared. Two speci-
mens, 8 and 9, from the reglion of the cylinder below ring travel
falled to show the presunco of iron oxides lan detectable quantities.

The criterion used in table 2 to detormine the quantity of
oxides relative to graphite and a-iron was the comparison of the
relative lntensitlies of tho strongest nxlde diffraction ring at
2.5 to 2.6 A with tho strongest diffraction rirg of btoth c~iren
and graphituv at 2.03 A. Oaly qualitative irformation can be obtained
in this manner. It 1s oloar from tablu 2 and figures 4(a) to 4(d)
that there le a general increase in the relative quantity of oxide
from ths bottom to tho top of the cylinder.
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EVALUATION OF RESULTS

Comparison of the results obtainud from the oylinder with the
results from the alrcraft plston rings shows that there 1s good
agreement both in the type and ocourrence of oxides appearing. In
both cases the oxides were ldentified as a~Fep0; and Feg0y,
although the cylinder specimens showod mainly Fez0O4. In addition,
it has been shown that the quantities of oxldes appearing both on
the piston rings and on tho oylinder are greatest for thoe reglons
nearest the cyllinder heoad. Several engine-operation variaebles such
as temperature, pressure betwoen plston-ring and oylindor surfaces,
and exposure of the surfaces to ocwrroglvu agents in the cambustion
products vary with position in the same way as the observed oxlde
quantities. It therefore should be possible to correlate oxlde
formation with one or more of these wvariables. The authors of
reference 5 reported that a-Fep0z and Fez04 could be formed on
cast iron by rubbing it against other materiala. The occurrence,
however, of Fez04 on cylinder specimen 1, above the piston stroke
vhere no rubblng had taken place, shows that pressure between the
surfaces is not the only varieble which affected the oxide formation.

The relation between oxldetlon and wear has been studied by
several investligators. A summary of work on wear oxldatlon is
included in a paper by Donaldson (reference 6). X-ray diffraction
and chemical anelysis were applled 1in these investigatlions to the
woear particles removed from the surfaces. When wear had proceeded
in en oxygen-containing atmoaphere, the particles were found to be
partly oxidized. There are two distinct differences in the study
of wear oxldation as compared with the examination made in thils
report of oxides on piston rings from aircraft englnes. TFirst,
wvear particles have been removed from the surface and thelr exam-
inetion does not directly reveal the nature of the remalning sur-
face. BSeoond, as previously discussed, the formation of oxides on
the surfaces dlacussed in this report differs from the oxidatlon
of wear particles observed in a wear machine in that it depends upon
other varlables in addition to tho pressure between the rubbing
surfaces. Wear studies can reveal only indirect information in
determining the nature of a run-in surface. On the other hand, the
observation, through electron diffraction, of a gradation of oxides
' which was not present before engine operation indicates that iron
oxides must be considered in studying the formation of run-in
surfaces on cast-lron piston rings.
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SMMARY OF RESULTS

Eleotron-diffraction examination of cast-iron piston rings from
tests on liquid- and air-cooled single-oylinder engines and of speoi-
mens from & cast-lron cylinder that had been operated for a long
time showed the following results:

1. In addition to diffraction rings of a~iron and graphite,
extra rings appeared from many of the surfaces. Those diffraction
rings belong to oxides of iron. From the patterns that ylelded
the most praminent oxide rings, ldentification of o~Fey0z &and the

indistinguishable palr, Fez04 and 7y-Fey03, wes made. Three

additional diffraction rings that lndicated preferred orientation
of the corresponding crystallographlec planes were not identifiled.

2. Iron oxldes-were found to an appreciable extent only on the
top compression ring from three teste on tho liguid-cooled engine.
Tho other piston ringe of the asssmbly generally showed the presence
of a graphite layer. A new compression ring of this type showed only
a~iron with smaller quantities- of graphite.

3. Plston rings from the tests on tho ailr-cooled englne gave a
diffuso pattern because of the high polish of the ring surfaces.
- Diffraction examination after very mild abrasion, without removal
of the abrasion debris, showed that oxides were present in decreasing
quantities (relative to graphite and a~-iron) on the top, the second,
and the third plston rings of thls assembly. The third rlng showed
only & faint trace of oxldes.

4. Nine specimens from the cast-iron cylinder showed contin-
uously lncreasing emounts of oxldes relative to graphlte and a~iron
as the top of the plston stroke is approached. The specimens from
positions below the region of ring travel showed no detectable
quantities of oxldes, but oxldes were present above the plston
gtroke where no rubbing had taken place.

CONCLUBIONS

Layers of lron oxides cover the wearing surfaces of cast-iron
englne parts, such as plston rings and cylinder barrels, in those
reglons where operating conditions of temperature, pressure on the
surfaces, and exposure to corrosive agents In the combustion prod-
ucts are oxtreme. The quantlties of oxides dwvorease over the
reglons where these conditlons are milder.

Alroraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio,
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TABLE 1
TEST CONDITIONS FCR THE USED CAST-IRON PISTON RINGS EXAMTNED

Tost|Piaton |PBreak-|Time of Engine|bmep at|Ring Remarks
(a) |rings in operae~- |speed |final {weight |on ring
exem- time |tion at|at tost loss condi~
ined (nr) |[test final |ocondi- tion
condi- |test |[tions
tions |condi-| (1b/eq
(br) |[tioms | in.)
(rpm)
1 ALl 6% 5 3000 | 290 |Normal
2 |ist and 81% 24% 3000 |151-267|S1ightly|Top ring
24 high slightly
pltted
3 |---do-=~- 7% 24 2600 {159~-228|Normal
4 |lst, 2a,| 52 10 | 2500 | 250 |---d0---
and 34 6

Brests l, 2, and 3 were run on a slngle-cylinder liquid-cooled
engine; test 4 wes run on a slngle-cylinder alr-coolad erglns.

brpreak-1n" rather than "run-in" is used here to dencte a vrocedure
of preliminary englne oporation in whlch 15924 and speed ave
increased to normal operating values in order to avoid confusion
with the term "run-in surface" as defined in this report.

Natlonal Advisory Committes
for Aeronautics
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TABLE 2
RESULTS OF DIFFRACTION EXAMINATION OF SFECIMENS FROM THE
CAST-TRON CYLINDER OFERATED FOR A LONG PERIOD OF TIME

Speci- | Distance Reglon of | Diffraction identiflication |
men from top cylinder of surface material
of cylinder
(in-)
1. 1/8 Above ring | &Very strong oxide pattern
travel
2 1/2 Ring travel | ®Strong oxide
3 1 —m=dOw-==n= Very strong oxide; trace
of graphlte
4 lg -—-db------ Strong oxide; smaller
quantity of graphlte
5 1-2- ~+=~do=~-«-~-| Mostly graphite; strong
oxlde
6 4% bl [VEEL R Mostly a-iron; medium
oxlde; faint graphite
7 5-3 Opnoalte Graphlite; a-lron; faint
rings at oxlde
B.D.C.
8 51 Below ring Graphite; a~iron
8 travel
: R [ — o.

These gpecimens requlred abrasion before vatterns of sharp
diffraction rings were obtained; therefore, no comparison of
the relative amounts of oxlides and graphite could be made,
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{a)

(v)

(c)

(¢}

(e)

(f)

(9)

0.85 mittineter >l

Interval corresponding
to estimated precision
of measurements all

Ll lll'llLll | IIJJIJluJ along scale

y-Fe0OH; A.S.T.M. X-ray pattern

Dark-brown rust; electron-

diffraction pattern ) H I' |
Jl,.,l, N IR A A

[ 1 |
a-Fezos; A.S.T.H. Xeray pattern 4] l i I

IR

a-Feg0q; elictron-diffrnction 9
pattern '

FegOy: A.S.T.H, X-ray pattern

TR A
o

Electron-diffraction pattern

of oxides from a specimen of Y
ring I, test | | | lglIAAJ, | l Y v '
1 [N L L
Eiectron-diffraction pattern p P P:
of oxides from specimen 3 of 1 70y z ﬁs
the t-i linder Y
castoiron cylinde J, 1 | 1[ ! AL,L,lL, [ P

4 3 2 1.5 1.0 .9 .8

interpianar distance, d, A

Figu:? l. - Comparison of-iron-oxide patterns. The notation within the scale is as
ollows: '

P  These lines show preferred orientation,

Q This a-Fe203 line does not appear in the pattern because of halation of the image of the central beanm.
W The intensity decrease at the outer edge of this ring is gradual.

X These lines are not from a~Feqly and probably are the results of impurities.

Y These lines are probably graphite lines. NAT IONAL ADVI(SORY

Z \Unidentified lines, COMMITTEE FOR AERONAUTICS
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(a) Specimen of rinq- I l l I .I I l

same as figare |(;i

l EL N T T R S

0.85 millimeter —>|l<

interval corresponding to
estimated precision of
measurements all along
scale

(b) sﬁecilen of ring 2

—

. I {Jl | i L

{c) Specimen of new
cast-iron
compression ring.

(d) G?aphite

{e) a-iron

NATIONAL ADY ISORY
COMMITTEE FOR AERONAUTICS

Figure 2, - Electron-diffraction patterns from piston rings run in a liquid-cooled
single-cylinder engine (test |, table 1) and electron diffraction comparison patterns.

The notation is explained as follows:

t.5 1.0 .9 .8

interplanar distance, d, A

X This line is not from graphite and probabiy is the result of oxide impurities.
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>
(2]
0.85 willimeter —>}« >
(a): Specimen of ring I, interval corresponding
Mildly abraded. to estimated precision, >
i of measurements all along ©
l scale Lo
I ] | | I | l JJ ' I | =
. : )
(b) Same specimen as (a); .
. different part of the , E m
surface. | Ll I 11t | ' | 2 o
-
(c)' Specimen of ring 3, [
mildly abraded. B
1 1 Ll | I I
_? 0 Y
(d) u-Fe103. . Y
. : I 111 ] | I 1
(e) Fe30y; A.S.T.M. X-ray pattern, | | )
L 0] 1NN Pl
(f) Graphite- l
* | |
I L1 | | \ L1 |
(9) a-iron- -
| L1
NAT IONAL ADVISORY 4 3 2 1.5 1.0 .9 .8
. COMMITTEE FOR AERONAUTICS Interplanar distance, d, A .

Flgure 3. - Electron-diffraction patterns from piston rings run in an air-cooled single-
cylinder engine (test ¥, table 1) and electron-diffraction comparison patterns. The
notation is explained as follows: _ ) -

Q This a-Fey03 line does not appear in the patterp because of halation of the image of the central bean. -
X This line is not from graphite and probably is the result of oxide impurities. f?

Y These lines are not fronm a-Fe203 and probably result from impurities.



0.85 millimeter—>{le— :
i . P Interval corresponding to ;
(a) fg'?E:::esi(;ﬁm' L estimated precision of :
P E P Fg measurements all along
1
l | 1 Il ;1 II [ T :c. ¢
; P
(b) Specimen & ‘ E P
L L 1o l
{(c) Specimen 7 E
I | ] | ] | L1
(d) Specimen 9 a
[ 1 L !
(e) Graphite l
X
I 1 | I 1 I 1 | | | I I
(f) a«-iron I
| l |
4 3 2 1.5 1.0 .9 .8
Interpianar distance, d, A NAY IONAL ADVISORY

COMMITTEE FOR AERONAUTICS
Figure %, - Electron-diffraction patterns from specimens of a cast-iron cylinder operated
for a long period of time (table 2) and from graphite and a-iron The notation is ex-
plained as follows: : ;

P These lines show preferred orientation.
¥ The intensity decrease at the outer edge of this ring is gradual.
X This line is not from graphite and probably is the resuit of oxide impurities.
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NACA ACR No. E5L18

Vs

R
o

Y
Tad

(a) a-iron. (b) Graphite (from cast iron etched with 2
percent mital).

NACA
C-9921
5-9-45

(¢) a-Fep03 (from a steel specimen etched, (d) v-FeOOH with small amounts of Fe;O4
then heated). (from rusted cast iron).

Ficure 5.—Comparison electron-diffraction patterns. X2.



NACA ACR No. E5L18 Fig. 6

(a) Pattern from cast-iron ring 1, test 1, identi- (b) Graphite pattern from cast-iron ring 2,
fled as a-Fe:03 and Fe;0,. test 1.

NACA
C-0922
5945

(e) Diffuse pattern from ring 1, test 4, (d) Pattern from same specimen as 6(c) (after
mild abrasion) showing oxide rings in addi-
tion to ea-iron and graphite.

Ficure 6.—Electron-diffraction patterns from cast-iron piston rings. X2.
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